Previous studies have examined the projected climate types in China by 2100. This study identified the emergence time of climate shifts at a 1 • scale over China from 1990 to 2100 and investigated the temporal evolution of Köppen-Geiger climate classifications computed from CMIP5 multi-model outputs. Climate shifts were detected in transition regions (7%-8% of China's land area) by 2010, including rapid replacement of mixed forest (Dwb) by deciduous forest (Dwa) over Northeast China, strong shrinkage of alpine climate type (ET) on the Tibetan Plateau, weak northward expansion of subtropical winterdry climate (Cwa) over Southeast China, and contraction of oceanic climate (Cwb) 
Introduction
China has a population over 1.3 billion, the world's third largest land area, varied topography, and diverse ecosystems. Therefore, the impacts of projected climate changes are expected to be large (Yu et al., 2006; Ni, 2011) . To estimate ecological changes, some studies have used climate model outputs to drive a specialized vegetation model that projects changes in vegetation cover based on temperature, precipitation and other factors such as surface runoff and soil feedback (Ni et al., 2000; Ma et al., 2014; Wang, 2014; Zhao and Wu, 2014; Cho et al., 2015; Pan et al., 2015) . Vegetation models project the following changes in vegetation cover over China by the end of the 21st century: a northward shift of all forests, disappearance of boreal forest over northeastern China, new tropical forests, an eastward expansion of grassland, and a reduction in alpine vegetation (Ni, 2011) . Other studies, using Köppen or related climate classification to investigate possible shifts in climate zones over China (Xie et al., 2007; Baker et al., 2010; Shi et al., 2012) , generally project similar decreases of boreal forest in northeastern China, evergreen forest in southeastern China, and alpine tundra over the Tibetan Plateau.
The Köppen climate classification scheme was developed to explain observed biome distributions, which have many sharp boundaries due to plant sensitivity to threshold values of average monthly temperature and precipitation and their annual cycle (Köppen, 1936) , and each climate type is closely associated with certain prevalent vegetation species. While climate zones are not exact boundaries for all species, locations with a change in climate class are expected to experience the most noticeable ecosystem stress, such as widespread die-back of forests. Köppen or similar classifications have been extensively used to estimate the potential impacts of past and future climate on prevalent ecoregions on regional and global scales (e.g., Wang and Overland, 2004; Gnanadesikan and Stouffer, 2006; De Castro et al., 2007; Baker et al., 2010; Rubel and Kottek, 2010; Mahlstein et al., 2013; Feng et al., 2014; Almorox et al., 2015; Engelbrecht and Engelbrecht, 2015; Phillips and Bonfils, 2015; Rohli et al., 2015) . The Köppen or related classification schemes can be applied to climate model output as a first-order index to assess possible past and future changes in ecosystem types on a grid-cell level (Peel et al., 2007; Mahlstein et al., 2013) . Despite its simplicity, Baker et al. (2010) suggested that the Köppen climate types resemble the major vegetation types in China. Based on Köppen or related climate classifications, previous studies have shown that regions of temperate climate types are projected to expand, while regions of sub-polar and alpine climate types are projected to contract significantly over the national land area by 2100, using projected changes in temperature and precipitation in China (e.g., Rubel and Kottek, 2010; Shi et al., 2012; Feng et al., 2014) . Other findings include losses of subtropical humid climate in Southeast China and an almost unchanged arid climate in Northwest China by 2100 (Shi et al., 2012) .
The present study extends previous large-scale and regional studies by investigating, with detailed temporal and spatial resolution, the temporal evolution of projected Köppen climate types over China, including the emergence time and rate of anthropogenic-related change in climate types, and the relative role of temperature and precipitation in projected climate shifts. Other considerations are as follows: First, China encompasses a variety of climate types, from southern tropical to northern boreal, and from eastern humid to western arid and alpine climates (Ni, 2011) . Second, projected future climate changes are not uniformly distributed among different regions in China. For instance, under the +8.5 W m −2 Representative Concentration Pathway (RCP) scenario (RCP8.5), warming is projected to be up to 1.5 • C greater in northern and western regions than in southeastern areas (Xu and Xu, 2012 ; also see Fig. 1 ). Annual precipitation increases in all areas, with the largest increases in southwestern regions (see Fig. 1b ), but the greatest percentage increases are in northern and western regions (Xu and Xu, 2012) . Third, vegetation cover in different regions demonstrates varying sensitivity to climate change. Ecosystems over western and northern China are found to be more vulnerable to a change in climate than those over eastern China (Ni, 2011) , and low-latitude mountainous regions are more likely to experience a shift in climate types (Mahlstein et al., 2013) .
Our study is complementary to previous studies that focused on projections of China's climate types. We further investigated the temporal evolution of Köppen-Geiger climate types in China by 2100, and it is hoped that our analysis will prove helpful in promoting public awareness of the impacts of anthropogenic climate change on China's ecoregions.
Data and method

Data
Monthly temperature and precipitation grids from the University of Delaware Willmott, 1990a, 1990b) were used to calculate the observed Köppen climate type in each grid box using 1980-99 (the "base period") averages for each month of the year. The Delaware dataset was chosen mainly due to its high resolution (1 • × 1 • ). Version 3.02 covers the period 1900-2010 and is derived from GHCN2 (Global Historical Climate Network) and additional data obtained by Willmott (1990a, 1990b) covering the entire terrestrial area, and represents the climatological distribution of temperature and precipitation well Willmott, 1990a, 1990b; Peterson et al., 1998) . This dataset has been used in other studies of Köppen climate classification (Feng et al., 2014; Chan and Wu, 2015) .
Simulated fields of temperature and precipitation through to 2100 were obtained from CMIP5 (Coupled Model Intercomparsion Project, Phase 5) simulations performed using 31 global climate models (Table 1) . The model runs were forced by observed atmospheric composition changes (reflecting both anthropogenic and natural sources) from (the historical data period), and by prescribed changes in greenhouse gases and anthropogenic aerosols from 2006 to 2100 following four different RCPs (RCP2.6, RCP4.5, RCP6 and RCP8.5) from 2006-2100 (Taylor et al., 2012) . Under these scenarios, radiative forcings in 2100 are about 2.6 (after a peak value of 3.0 around 2040), 4.5, 6.0 and 8.5 W m −2 greater, respectively, relative to the preindustrial period, including most known forcing factors (compared with 1.75 W m −2 in 2000). The corresponding equivalent CO 2 concentrations (expressing all other radiative forcings as added or subtracted CO 2 amounts) in 2100 are projected to be about 470 (after a peak of 490 around 2040), 650, 850 and 1370 ppm (Van Vuuren et al., 2011) . As in Mahlstein et al. (2013) , for a specific model and scenario with multiple ensemble runs, Table 1 . Models and experiments used in each experiment. Historical RCP2.6 RCP4.5 RCP6.0 RCP8.5 only the output from one ensemble (r1i1p1) was used, so that all models were afforded equal weight.
Data pretreatment
The following pretreatments, which were also performed by Mahlstein et al. (2013) and Feng et al. (2014) , were applied to both observed and simulated fields before computing the Köppen classes. First, the monthly grids of data were interpolated onto a 1 • × 1 • grid to ensure the same resolution. Second, anomalies relative to the simulated monthly means for 1980-99 were calculated in each model and each of the four RCP scenarios, and were then added to the observed 1980-99 monthly means to reduce errors in the climate classification. This was necessary because the Köppen-Geiger climate classification scheme is highly sensitive to thresholds, and current models have temperature and precipitation biases that cause difficulties in simulating the correct Köppen classes, even for present conditions (Gnanadesikan and Stouffer, 2006; Mahlstein et al., 2013) . Third, to emphasize trends rather than short-term climate variations that cause erratic climate zone movements, a 15-year running smoothing was applied to all CMIP5 grids (monthly grids were the averages of the same month of each year). Fifteen years is the optimal averaging interval for Köppen or related classifications (Fraedrich et al., 2001) , but the present results were not highly sensitive to the length of the averaging period. In the rest of this paper, model-derived data for a "year" refers to a 15-year centered average, and the last available year of 2093 is the 2086-2100 average.
Computing the Köppen classes
Köppen-Geiger climate classes were determined using the criteria defined in Peel et al. (2007) . The classification process first identifies five major climate types: A-tropical; B-dry (arid and semiarid); C-subtropical; D-continental; and E-polar. Type B is based on moisture availability, while the other types are based on annual temperature. Each major type has two or three subtypes, and each subtype in types B-D has two to four minor subtypes, all classified according to the seasonal cycle of temperature, precipitation, or both. There are 30 possible climate types, and Table 2 lists the criteria for the 18 climate classes relevant to China. While types A, C, D and E are mutually exclusive temperature categories, any arid or semiarid location (Type B) also fits the temperature criteria of another climate type, so tests for Type B were performed first.
Identifying anthropogenic changes
The focus of this study was not on differences between models, so grids from all model runs in each scenario were averaged together. The pretreated monthly multi-model averaged temperature and precipitation grids (projected group) were then used to assign Köppen classes for each grid box and year from 1991 (1984-98 average) to 2093 (2086-2100 average), and the year of change (if any) of climate class from the 1990 base year (center year of observed 1980-99 climatology) was noted. Note that Köppen classification is based on climate values rather than anomalies. All precipitation amounts are in mm and all temperatures are in • C. MAP = mean annual precipitation; MAT = mean annual temperature; T hot = temperature of the hottest month; T cold = temperature of the coldest month; T mon10 = number of months where the temperature is above 10; P dry = precipitation of the driest month; P sdry = precipitation of the driest month in summer; P wdry = precipitation of the driest month in winter; P swet = precipitation of the wettest month in summer; P wwet = precipitation of the wettest month in winter; P threshold varies according to the following rules: if 70% of MAP occurs in winter, then P threshold = 2× MAT; if 70% of MAP occurs in summer, then P threshold = 2 × MAT + 28; otherwise, P threshold = 2 × MAT + 14. For China, summer is defined as April-September, and winter is October-March (Peel et al., 2007 ).
To distinguish and eliminate possible natural fluctuations in climate zones, the naturally occurring climate shifts in a grid box were identified using detrended 15-year smoothed temperature and precipitation ("natural group") (Mahlstein et al., 2013) . In the natural group, the atmospheric fields were first detrended over 1950-2005 and 2006 -2100, separately, and then pretreated using the same interpolation, adjustment and smoothing methods as in section 2.2. Since there were no trends in the natural group, the distribution of climate zones in the natural group should mainly resemble those based on observed 1980-99 climatology, indicating the projection of no significant changes in climate types in the natural group.
By comparing with the natural group, we counted a human-induced change in climate type for a particular grid point in the "projected group" under two circumstances: (1) A new climate type never found in the natural group emerged, and its time of emergence was the first year it was identified. (2) A new climate type-which could also be found in the natural group, but would shift back to its original class quickly due to short-term variability-that persisted until at least 2100, or changed to another new climate type. Its emerging time was the first year when this new climate type in the projected group differed from that in the natural group. Changes counted under the second circumstance indicated irreversible human-induced shifts in climate types, and were commonly found over transient zones.
All changes of climate zones counted were caused by increasing anthropogenic forcing. In other words, naturalinduced temporary changes in the projected group were omitted through further analyses. Finally, the percentage of land area covered by each climate type was computed by areaweighting all grid boxes by the cosine of their latitude.
Results
Projected climate changes
The multi-model ensemble-mean warming and precipitation trends during 1990-2100 under the RCP8.5 scenario (Fig. 1) are consistent with a previous study by Xu and Xu (2012) . Three centers of warming are located over Northeast and Northwest China, and the Tibetan Plateau (Fig. 1a) , with generally more warming in winter than in summer (Figs. 1c  and e) . The projected annual precipitation increases over all of China (Fig. 1b) . Despite Southeast China currently being the wettest region, small increases are expected there, with a band of increased precipitation extending from inland southeastern China to northeastern China. The largest precipitation increase, however, is expected in southwestern China, including part of the Tibetan region into central China, an area that is currently moderately dry. The above-mentioned increase in precipitation occurs mostly in summer (Fig. 1f) . Reduced wintertime precipitation is found over Southwest and Southeast China, and the Himalaya (Fig. 1d) . The spatial distributions under the other scenarios, though showing smaller amplitude, are similar to those under RCP8.5 (figures not shown). Figure 2a shows the 1990 base year Köppen classes over China, and encompasses 13 subtypes from all 5 basic types. Table 2 lists the Köppen classes observed or projected in China from Peel et al. (2007) , as well as their corresponding climate (Shi et al., 2012) and general vegetation types (Hou et al., 1982) . There is a small area of tropical climate (Am) in the far south of China, while deserts (Bw) and steppe (Bs) are dominant over northwestern China. Temperate climate (C), mainly including three subtypes [humid (Cfa), subtropical winter dry (Cwa), and oceanic climate (Cwb)], is found over Southwest and southeastern China. North and Northeast China are mainly characterized by continental humid climate (Dwa and Dwb), while sub-polar climate (Dwc) is detectable over the northernmost region. Finally, alpine climate (ET) dominates the central and southwestern Tibetan Plateau, while continental climate (mainly Dwb and Dwc) is found over the eastern and southern Tibetan Plateau and arid climate (mainly BWk and BSk) is found over the western and northern Tibetan Plateau. The coverage of the major climate types A-E in 1990 is about 0.5%, 29.7%, 27.9%, 32.1% and 9.8% of the total land area, respectively. Such distributions of present-day Köppen classifications are consistent with regional climate types over China in global studies by Peel et al. (2007) and Rubel and Kottek (2010) , and reflect the vegetation map of Hou et al. (1982) fairly well, which indicates that the Köppen climate types are well able to capture signals of eco-climate regions in China.
Projected shifts in climate types
The projected climate types for 2093 derived from multimodel averages are shown in Figs. 2b-e. Under the low emissions scenario (RCP2.6), the most conspicuous changes are found over Northeast China, characterized by shifts of Dwc to Dwb and Dwb to Dwa, and also over the Tibetan Plateau, characterized by shifts of ET to Dwc and Dwc to Dwb. Other changes include a northwestward retreat of Cwb associated with an expansion of Cwa in Southwest China, and a northward expansion of Cwa and Cfa over East and Central China.
These changes are larger under the intermediate emissions scenarios (RCP4.5 and RCP6), including the further reduction of Dwb and the disappearance of Dwc in Northeast China, the replacement of ET with transitional boreal forest (Dwc and Dwb) in the eastern and southern parts of the Tibetan Plateau due to increasing summertime temperature (Fig. 1e) , and a great shrinkage of Cfa in Southeast China mainly caused by decreasing precipitation in winter. Dramatic changes are found under the high emissions scenario (RCP8.5), characterized by the disappearance of Dwb in Northeast China (replaced by Dwa), the disappearance of ET on the Tibetan Plateau (replaced by Dwb and Dwc in southern and eastern parts, and BSk in the northwestern part), a vast shrinkage of Cfa over southeastern China, the emergence of Bwa (hot desert climate) in Northwest China, and an extension of Aw (tropical savanna) reaching the nearby coast in South China.
Higher (Figs. 3b-e) . Under the RCP8.5 scenario, the changes in the present study (Fig. 2e ) agree with regional results over China in the global studies by Rubel and Kottek (2010) and Feng et al. (2014) , and the subtype changes over eastern China are generally consistent with the findings of Shi et al. (2012) . Figure 3 shows time series from 1990 to 2093 of the percentage of China's land area seeing changes in Köppen classes compared with 1990, and the percentages occupied by the major climate types B-E and certain C and D subtypes. In the historical period (2010 compared to 1990), anthropogenic influence is already detectable, with strong expansion (contraction) in type D (ET) climate and weak expansion (contraction) in type C (B) climate, causing climate type changes in about 7%-8% of national land area. Under the RCP2.6, 4.5, 6 and 8.5 scenarios, about 21.4%, 27.4%, 24.3% and 35.9%, respectively, of total land area is projected to undergo a change in 2050 compared to 1990.
Temporal evolution of climate shifts in China
The year when an anthropogenic-induced change in ecoregions, compared to the 1990 base year, first emerges in each grid box for each scenario is shown in Fig. 4 . As can be seen, there is considerable spatial variation in the emergence of changes in Köppen climate types. First, the changes in Köppen climate types before 2010 are mainly seen in transi- tion zones between the present Köppen climate types shown in Fig. 2a . These changes are associated with the shift from Dwb to Dwa in Northeast China, the northwestward retreat of Cwb in Southwest China, the northward expansion of Cwa over northern Central and East China, and the shift from ET to Dwc over the margins of the Tibetan Plateau. Second, these ongoing shifts continue at a northward or westward pace from transition zones. Northwest China and the Tibetan Plateau are two regions most sensitive to projected warming in the ensuing decades. Rapid changes of Dwb to Dwa in Northeast China, and strong shrinkage of ET on the Tibetan Plateau are projected before 2030-40 under the RCP4.5 or higher scenar-ios (Figs. 4b-e) . The projected area of ET is less than 5.0% of the national land area by 2040 (Fig. 3e) . Third, the annual percentage decrease of ET is projected to increase substantially after 2010. The relative area of ET decreases by about 1.7% during 1990-2010, but is projected to decrease by about 2.7%, 2.7%, and 2.4% and 3.1% of China's land area during 2010-30 under the RCP2.6, 4.5, 6 and 8.5 scenarios, respectively (Fig. 3e) . Fourth, the pace of northward or westward shifts in climate zones increases under high RCP scenarios after 2030-40. For these grid boxes away from transition zones, projected climate shifts tend to emerge earlier under the higher RCP scenarios. For instance, most shifts from Dwc to Dwb over northern Northeast China are projected to happen by around 2040-50 under RCP8.5; whereas, under RCP4.5, it is projected to happen by around 2050-70. Similar advances by 20-30 years in emerging anthropogenic signals can also be found in the northward shift of temperate forests (Cwa and Cfa) over northern East China, the change of ET to Dwb on the Tibetan Plateau, the shrinkage of oceanic climate (Cwb) in Southwest China, and the shifts of Cfa to Cwa in Southeast China. Finally, the coverage of type-B climate is projected to be about 28%-30% throughout the 21st century under all scenarios (Fig. 3b) , and the replacement of Cwa by Aw over South China occurs near the end of the 21st century under the RCP8.5 scenario only (Fig. 4d) . We further investigated the temporal evolution of land area covered by six sub-types of major type-C and type-D under the RCP8.5 scenario (Figs. 3f and g ). The coverage of temperate climate increases from the northward and westward expansion of Cwa and Cwb (Fig. 3c) . Cwb is projected to decrease in Southwest China, but increase over the Tibetan Plateau (Fig. 3f) . The evolutions of sub-type climate Cwa and Cfa over eastern China exhibit considerable variability, but the projected coverage of Cwa (Cfa) shows a strong increase (decrease) during 2035-55. The coverage of temperate climate increases by about 4.5% and 8.5% by 2050 and 2093, respectively (Fig. 3c) . As climate change accelerates, Dwc is rapidly replaced by Dwb over Northeast China before 2050, and primarily confined to over the Tibetan Plateau after 2050. The annual percentage decrease of Dwb in Northeast China is projected to increase substantially after 2010. The coverage of Dwb is projected to be about 8. 1%, 7.0%, 5.4%, 3.3% and 1.4% in 1990, 2010, 2030, 2050, and 2070, respectively , and decrease by about 1.1%, 1.6%, 2.1%, 1.9% of China's land area during 1990-2010, 2010-30, 2030-50, and 2050-70, respectively (Fig. 3g) . The coverage of Dwa is projected to increase to 15.3% (16.1%) in 2050 (2093) from 9.8% in 1990, suggesting that the expansion of Dwa will mostly fin- ish before 2050. The projected decrease of the total area of type-D climate after 2070 shown in Fig. 3d is mainly due to the shift of Dwc to Dwb and Dwb to Cwb on the Tibetan Plateau (Figs. 3f and g ).
Relative roles of temperature and precipitation in climate shifts
Most changes in climate types over China seem to be temperature rather than precipitation driven. Figure 5 shows the spatial distributions of projected Köppen classes for 2093, calculated by the changes in individual variables under the RCP8.5 scenario. Most of the climate shifts apparent in Fig.  2e are reproduced if precipitation is held constant, while only the present-day distribution in Fig. 2a is broadly captured when the temperature is fixed. Similar results have been discussed in previous vegetation model studies (Zhang and Zhou, 2008; Wang et al., 2011) . Figure 5 also reveals that the area of arid climate increases (decreases) with growth in temperature (precipitation) over North and Northwest China, suggesting that water and heat factors play opposite roles for arid climate (type B). These two offsetting effects may explain why the coverage of type-B (arid) climate shows no significant changes in the 21st century even under the RCP8.5 scenario (Fig. 2e) . In addition, Fig. 5b confirms that decreasing winter precipitation causes the reduction of subtropical humid Cfa in southeastern China (Shi et al., 2012) , while increasing temperature results in the northwestward retreat of Cwb in Southwest China.
Conclusions
The Köppen classification schemes were developed to predict the biome distribution by combining temperature and precipitation, and their seasonality, into one matrix. Although such bioclimatic classification schemes have some disadvantages, such as the lack of wind, sunshine and CO 2 effects as contributing factors to shifting biome patterns, previous studies have suggested that the Köppen climate types are largely successful in their resemblance of the major vegetation types (Baker et al., 2010) .
The aim of the present study was to extend previous general studies on observed and projected climate shifts in China, by performing a detailed investigation of the temporal evolution of Köppen-Geiger climate types over the national land area using observational data and simulations from multiple global climate models participating in CMIP5. The projected changes of climate types by 2100 generally agree with previous studies using Köppen or related climate classifications (Baker et al., 2010; Rubel and Kottek, 2010; Shi et al., 2012; Feng et al., 2014) , and studies with specialized vegetation models driven by climate model outputs (Ni et al., 2000; Zhao and Wu, 2014; Wang, 2014; Cho et al., 2015) . However, the following specific findings suggest that impacts of anthropogenic climate change on regional climate zones are already evident and are expected to accelerate, under all future scenarios, before 2050.
(1) The magnitudes of the impacts of warming and the pace of shifts were found to be similar before 2030, but larger under higher emissions scenarios thereafter. The proportion of the national land area experiencing changes in climate types increased gradually from about 7%-8% in 2010 to about 22.5%, 37.3%, 47.0% and 50.8% by the end of this century under the RCP2.6, 4.5, 6 and 8.5 scenarios, respectively.
(2) Northeast China was found to be one of the regions most sensitive to increasing warming in the first half of this century. The pace of the shift of Dwb to Dwa, corresponding to the replacement of temperate/boreal mixed forest by temperate deciduous forest (Ni et al., 2000; Leng et al., 2008; Ni, 2011) , is expected to significantly increase in the coming decades. Under the RCP8.5 scenario, Dwc (boreal forest) disappeared over northern Northeast China by around 2040-50.
(3) The Tibetan Plateau is another sensitive region whose biome system is expected to face more exposure and risks related to future climate change, with the disappearance of the current alpine climate area by 2070 under the RCP8.5 scenario. The loss of alpine climate was concentrated in the period 2010-30, and its projected area was under 5% by 2040 under all scenarios, implying that the impacts of climate changes over this region will accelerate in the near future. There is likely to be a major westward and northward shift (a) (b) Fig. 5 . As in Fig. 2e but with trends of (a) precipitation or (b) temperature, removed.
of boreal deciduous forest/woodland and alpine meadow, and a major reduction in alpine tundra/polar desert (Song et al., 2005; Ni, 2011) . (4) The region of temperate climate (C), under all four scenarios, was projected to expand due to the northwestward shift of subtropical winter dry (Cwa) over eastern China and the increase of temperate ocean climate (Cwb) over the Tibetan Plateau. A northward and westward expansion of Cwa over Central and East China was found to be associated with a northwestward retreat of Cwb in Southwest China, under all four scenarios. A rapid shrinkage of subtropical humid (Cfa) in East China was projected for the period 2035-55 due to the decrease in winter precipitation under the RCP8.5 scenario.
Although caution should be applied while using the Köppen-Geiger classification method to interpret vegetation changes, the present results nevertheless indicate significant impacts of anthropogenic climate change on ecoregions over the Tibetan Plateau and Northeast China-sensitive regions whose biome system is expected to face more exposure and risks related to climate change in the near future. When a climate threshold is passed, the existing vegetation will be less suited to the changed environment, and changes in vegetation can jeopardize the habitats of the wildlife that depends on those plant communities.
